The influence of a catalyst deactivating leveling additive in electrodeposition is explored in the context of the previously developed curvature enhanced accelerator coverage model of superconformal film growth. Competitive adsorption between a rapidly adsorbed suppressor, rate accelerating catalyst, and catalyst-deactivating leveler is examined. Rate equations are formulated where the leveling agent is capable of deactivating the adsorbed catalyst by either direct adsorption from the electrolyte or by deactivation/displacement during surface area reduction that accompanies advancing concave surfaces. The influence of a prototypical cationic surfactant leveler on electrochemical kinetics and feature filling is examined for copper electrodeposition from an electrolyte containing polyethylene glycol-chloride-bis͑3-sulfopropyl͒disulfide ͑PEG-Cl-SPS͒.
Superconformal copper electrodeposition is widely used in the fabrication of state-of-the-art microelectronic circuitry. Such voidfree filling of submicrometer trenches and vias is a consequence of the competitive adsorption dynamics between rate accelerating bis-͑3-sulfopropyl͒ disulfide-chloride ͑SPS-Cl͒ and rate suppressing polyethylene glycol-chloride, ͑PEG-Cl͒ additives coupled with the effects of local area change. A quantitative description, known as the curvature enhanced accelerator coverage model ͑CEAC͒ that provides a direct link between kinetics determined by electroanalytical experiments on planar electrodes and shape-change simulations of feature filling has been developed. 1 In the case of copper electrodeposition, two additives ͑accelerator-suppressor͒ are the minimal number required for robust bottom-up feature filling. However, the growth process also results in an overshoot phenomenon, known in industrial circles as momentum plating, which results in excess material buildup above the features of interest. The phenomenon is a strong function of wiring pattern geometry and density with greater buildup occurring over regions that experience the greatest reduction in interfacial area during feature filling, i.e. closely spaced fine trenches. 2, 3 The uneven buildup hampers the subsequent chemical mechanical planarization ͑CMP͒ subtractive planarization process. As a result a variety of strategies have been developed to control the overshoot process. [4] [5] [6] [7] [8] [9] [10] [11] [12] A common theme is the attenuation or removal of accumulated accelerator from the surface immediately after feature filling but prior to bump formation. Manifestations of this strategy range from ͑i͒ using a dilute deposition rate inhibiting species, often referred to as a leveling agent, that acts to deactivate the accelerating surface species, 4-8 ͑ii͒ using a two-step process where the bottom-up filling ͑or a catalyst derivatization͒ step is followed by deposition in the presence of an inhibiting ͑and suppressing͒ species that might or might not act in a similar fashion to that outlined in ͑i͒ 6,9,10,12 ͑iii͒ using an oxidation process as implemented in pulse reverse plating to deactivate the accelerating additive, 6, 10 and ͑iv͒ using mechanical action to periodically refresh the outmost surface of the wafer during plating. 11 The first approach, namely, dc plating in the presence of a leveling agent has been widely practiced to obtain smooth deposits in the thick film limit, Ϸ10 to 100 micrometers, for a number of years. For the present application, idealized leveling activity should rapidly deactivate the surface before curvature inversion and bump formation occurs without substantially attenuating bottom-up feature filling. In this paper certain aspects of this approach are explored numerically. To motivate this effort a brief description of the chemical nature of the SPS-Cl-PEG system, known levelers, and plausible interactions follows.
In the SPS-Cl-PEG system the catalytic activity of the SPS accelerator has been attributed to the anionic sulfonic acid tail group that disrupts or prevents formation of the deposition rate suppressing PEG on the electrode surface while the disulfide/thiol/thiolate head group tethers or constrains the molecule to the surface. 1 Thus, a natural approach to quenching catalyst activity is to focus on disrupting the anionic tail group function and/or displacing the disulfide/thiol/thiolate head group from the surface.
Numerous leveling additives for copper deposition have been identified with most of these being associated with molecules bearing various N-functional groups including simple alkyltrimethylammonium salts, 6, 13 more complex species such as crystal violet [14] [15] [16] or Janus Green B 17,18 dyes, corrosion and plating inhibitors like benzotriazole 19, 20 and its derivatives, 21 and polymers such as polyethyleneimine ͑PEI͒ 22, 23 or certain aromatic variants. The cationic nature of these molecules suggests an ion-pairing interaction with the anionic end group of the SPS catalyst might be a key element in leveling performance. 24 However, for many levelers, greater complexity 25 is possible as the nitrogen functional group ͑e.g., PEI and benzotriazole, BTA͒ may bear a lone pair of electrons available for interaction with electrolyte species such as protons, Cu + , or Cu
2+
as well as the copper electrode. Depending on the molecule, the N group can exhibit a fixed charge or, alternatively, be subject to charging by protonation. Significant differences between the transport and adsorption kinetics of small molecules vs large polyelectrolyte species would be anticipated. 26 As lithographically derived feature sizes become smaller it is also conceivable that steric and/or entropic constraints might further hinder transport of polymeric species into certain geometries. Polymeric additives are also expected to exhibit significant kinetic irreversibility during surface interactions or subsequent rearrangements.
An important aspect of leveler performance that is unrelated to feature filling per se is the extent of N incorporation in the plated solid, as such incorporation can impact relevant physical and chemical properties. 6, 7 The N content can be a function of the molecular weight and functionality of the leveler and is expected to scale with the strength of the interaction of the leveler with the metal cations and/or electrode surface. For example, in one recent report the N content was found to scale with S incorporation 7 while another study indicated that incorporation ranged from negligible to significant levels depending on the nature of the leveling molecule. 6 To develop more insight into the correlation between N functionality and leveling behavior, the effect of a simple, prototypical class of N-bearing surfactant, namely, alkyltrimethylammonium halide salt, ͓͑CH 3 ͒ 3 RN + A − ͔, on the metal deposition kinetics and feature filling behavior is being examined in a superfilling SPS-Cl-PEG electrolyte. 6, 27 The fixed cationic charge and the absence of complexation between the leveler and Cu + , or Cu 2+ , simplify the evaluation of leveler-catalyst interactions. Ion-pairing between the fixed charge of the ammonium leveler head group and the sulfonic acid terminal group, coupled with hydrophobic R SPS -R N+ alkyl chain-chain amphiphilic interactions, is likely to be the dominant force at play. 24 Direct chemisorption of ͑CH 3 ͒ 3 RN + on Cu is not expected, although coadsorption in the presence of halide is anticipated. 16, 28 Structured hemicylindrical or spherical-micelle physisorption of the ͑CH 3 ͒ 3 RN + surfactants is well known, [29] [30] [31] [32] and, upon approaching saturation, these structures should limit access of the Cu 2+ to the electrode surface in a manner analogous to the action of adsorbed PEG. Finally, and of potential practical significance, one might anticipate minimal incorporation of ͑CH 3 ͒ 3 RN + -SPS surfactant leveler into the solid as compared to levelers with more chemically active N groups.
In this work, a series of rate equations is developed to describe the interaction between the leveler ͑LEV͒ and the accelerator ͑SPS͒ as an extension of the existing CEAC model. These equations are then used to simulate electroanalytical experiments on planar substrates and to predict feature filling in patterned wafers. Although the construct is developed in the context of copper SPS-Cl-PEG-LEV electroplating, it is believed that the underlying physics of the three additive variation of the original CEAC model is likely to be general and not necessarily limited to the specific chemical interactions and rational outlined above.
Competitive Adsorption Model
Quantitative description of the impact of catalyst-deactivating adsorbate, i.e., leveler, on the two-component CEAC model of superconformal film growth was built upon the previously published competitive adsorption model and associated kinetic parameters for the SPS-Cl-PEG system. 1 The key dynamic of the original model is the progressive displacement of adsorbed PEG from the interface by potential-dependent SPS adsorption. In the presence of a leveler two additional processes were considered: the leveler deactivates the adsorbed accelerator either by ͑i͒ adsorption from the electrolyte or ͑ii͒ lateral interactions during area reduction of surface segments that are saturated with catalyst and leveler. The invoked hierarchy of interactions stipulates that the leveler can deactivate/displace both PEG and SPS from the surface. Lacking data to the contrary, a single potential-independent rate constant, k LEV + , is used to describe the leveler-PEG and leveler-SPS displacement process. A further simplifying element is that the leveler-saturated surface was assumed to have the same metal deposition kinetics as the PEG-Cl suppressor-saturated surface; this is supported by recent experimental work in our laboratory for the case of the prototypical cationic surfactant leveler ͑CH 3 ͒ 3 C 12 H 25 N + Cl − ͑DTAC͒. 27 An important consequence is that interface motion is unaffected by the competition between leveler and PEG for surface sites; displacement or deactivation of the SPS catalyst by the leveler is the central means for altering the growth velocity and thereby the bottom-up feature filling dynamic.
The growth equation for the SPS-Cl-PEG-LEV system was taken as the sum of the surface-fraction j weighted deposition rates or current density i j for metal deposition on bare and/or fully modified surfaces; i PEG o is the exchange current density for the PEGsuppressed surface ͑ PEG = 1͒; i SPS o for SPS accelerator covered surface ͑ SPS = 1͒; i LEV o for leveler-covered surface ͑ LEV = 1͒; and i FREE for the bare surface ͑ FREE = 1͒. The metal deposition rate was also taken to be proportional to the local interfacial metal ion concentration C m . Thus the current density is written
with j = PEG, SPS, LEV, and FREE, Faraday's constant F = 96,485 C/mol and Boltzmann's constant R = 8.314 J/mol K. Chloride is a required co-adsorbate for both the suppressor and accelerator, so these coverages should strictly be PEG-Cl and SPS-Cl ; however, since halide is plentiful in the electrolyte, the respective needs are readily met so that chloride coverage is not explicitly tracked. The deposition rate was expressed as an interface velocity normal to the surface v using Faraday's law v = i⍀/nF with ⍀ the molar volume of the deposited metal and n the charge of the metal ion in the electrolyte. Electroanalytical and feature filling experiments were simulated assuming that the initial immersed surface was rapidly covered with PEG-Cl ͑t = 0, PEG = 1͒ and that any free sites that subsequently develop on advancing convex surfaces were rapidly, i.e., instantaneously, covered with PEG-Cl. These conditions are rationalized by the concentration of PEG relative to the other additive species combined with exposure to the PEG-enriched air-electrolyte interface during immersion prior to the onset of plating. These stipulations enable attention to be focused on the evolution of SPS and LEV ; the limitations of such approximations will be explored elsewhere.
Mass conservation yields
for the surface coverage of adsorbed accelerator, and
for the leveler coverage. The first term on the right side of the evolution Eq. 2 and 3 accounts for the impact of area change on the local coverage of the given adsorbate; this key term of the CEAC formalism is a mass conservation statement for an adsorbate that remains segregated on the surface during growth. Positive corresponds to a concave interface such as the bottom of a trench, while = 0 defines a planar surface. The second term in each equation accounts for adsorbate accumulation from the electrolyte; C i is the concentration of the given additive adjacent to the metal/electrolyte interface and k i + equals the adsorption rate constant. The respective accumulation terms reflect the hierarchy of surface-binding interactions with the accelerator only able to adsorb on sites occupied by suppressor ͑i.e., by displacement͒ and the leveler adsorbing on sites occupied by either the suppressor or accelerator.
The third term in the accelerator evolution Eq. 2, which does not appear in previous CEAC models, represents deactivation of the accelerator by the adsorbing leveler; this term equals the rate at which the leveler accumulates from the electrolyte weighted by the fraction of sites where it displaces or deactivates the adsorbed SPS accelerator. Physically, the interaction could involve masking accelerator activity by forming an ion pair on the surface or displacing the accelerator into the electrolyte or into the growing solid ͑i.e., incorporation͒. The latter is consistent with recent experimental findings of enhanced accelerator incorporation in the presence of a leveler. 7 The final term in the evolution Eq. 2 and 3 quantifies the independent deactivation of the respective adsorbate species, possibly by incorporation into the growing solid or desorption of the molecule or some fragment back into the electrolyte. For the accelerator, a form consistent with the previously determined consumption of SPS during Cu deposition has been used. 1 The expression for the leveler, formally indistinguishable from Langmuir desorption, can be interpreted as a consumption or incorporation function that is first order in leveler coverage.
Importantly, the first term in Eq. 2 and 3 does not contribute to additive evolution during deposition on smooth planar electrodes; this allows conventional electroanalytical measurements on planar electrodes to be used to quantify all other terms in Eq. 1-3. In contrast, during deposition on nonplanar, e.g., lithographically patterned, surfaces, the area change terms can dominate the local response of a surface. In the case of two-component acceleratorsuppressor systems, this yields the well-known bottom-up filling dynamic. 1 Significantly, in the presence of leveler, an important variation can occur. Specifically, Eq. 2 and 3 apply only as long as there is still suppressor that can be removed from the surface ͑i.e.,
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then LEV continues to evolve according to Eq. 3, but the SPS must now accommodate the evolution of the leveler according to
It is through Eq. 5 that adsorbed accelerator is deactivated by adsorbed leveler during area reduction in suppressor-free regions. Note this inverse of the curvature enhanced accelerator coverage process is entirely distinct from the classical picture of leveling known as diffusion-adsorption-consumption models. [33] [34] [35] [36] [37] [38] [39] From this perspective, the CEAC acronym can be generalized to stand for any curvature enhanced adsorbate coverage process. As with early CEAC models, area change effects can dominate over coverage differentiation arising from boundary layer transport controlled process. This naturally follows from the relevant length scales involved, i.e., coverage changes due to rapid area change within submicrometer ͑ϳ100 nm͒ features overwhelm any lateral variations associated with diffusional fluxes over the hydrodynamic boundary layer ͑10-100 m͒. In the modeling that follows, at locations where the leveler coverage saturates ͑ L = 1͒ and Eq. 3 yields d LEV /dt Ͼ 0, L = 1 was imposed and any excess leveler was modeled as incorporated into the growing solid; it could alternatively have been modeled as desorbed into the electrolyte with appropriate modification of mass conservation boundary conditions at the interface.
Electroanalytical Simulations
Conventional electroanalytical methods are widely used to characterize plating electrolytes for both process development and control. Previous investigations have shown that characteristics such as hysteretic voltammetric ͑potential-current: -i͒ and rising chronoamperometric ͑current-time: i-t͒ traces are important indicators of superfilling performance in a variety of chemically distinct systems, e.g., copper, 1 silver, 40 and gold. 41 Indeed, the CEAC construct provides a causal quantitative bridge between the two. Thus, the impact of leveler addition on the voltammetric and chronoamperometric response of the SPS-Cl-PEG-LEV system is examined. The SPS concentration was fixed at 50 mol/L since this is known to permit effective superfilling of submicrometer features. A brief survey of the literature indicates that levelers are utilized over a broad concentration range between 0.5 and 500 mol/L. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Simulations were performed as a function of leveler concentration C LEV while all other parameters were fixed. Depletion effects for all species were evaluated using the steady-state hydrodyamic boundary layer approximation. The interface concentrations of SPS and the LEV species were thus defined by mass balance
where the Cu 2+ depletion gradients establish the boundary layer thickness, ␦, within 30 s of the onset of deposition. Values for the diffusion coefficient, D LEV , and the saturation surface coverage ⌫ LEV for a variety of ͑CH 3 ͒ 3 RN + molecules have been reported. 42 The values are close to those previously used for SPS and thus for simplicity the same numbers are used. Several detailed thermochemical and structural studies of ͑CH 3 ͒ 3 RN + adsorption are available. For example, on negatively charged silica surfaces the adsorption dynamics are tightly correlated with the critical micelle concentration ͑CMC͒, electrolyte identity, and concentration. [42] [43] [44] The structure of such layers is also sensitive to the surface charge. [30] [31] [32] In the case of decyltrimethylammonium chloride ͑DTAC͒ in water the CMC is 20 mM although salting-out can shift the CMC by at least an order of magnitude. 42, 45 In the present case, preliminary -i experiments in the SPS-Cl-PEG-DTAC system were used to constrain the choice of the adsorption and deactivation kinetics. 27 If the leveler deactivation process is interpreted as a simple desorption step then the ratio k LEV + /k LEV − corresponds to the Langmuir adsorption constant, K, the reciprocal of which was found to be Ϸ28 mol/L. Table I lists all relevant kinetic parameters.
The effect of the leveler on the voltammetric and chronoamperometric behavior of the SPS-Cl-PEG-LEV system is summarized in Fig. 1 and 2 . The hysteretic voltammetric curve in the leveler-free electrolyte reflects the progressive displacement of the rate suppressing PEG by potential-dependent SPS adsorption. 1 Addition of the DTAC leveler leads to a decrease in the hysteretic response as well as a shift toward more negative potentials reflecting the quenching of the SPS activity. The intersection of the forward and reverse sweep for the more concentrated leveler electrolytes, e.g., 100-400 mol/L, is an unambiguous indication that leveler adsorption is under some kinetic constraint, i.e., the crossing point would not exist for fully equilibrated Langmuir adsorption of the leveler. The kinetic restraint on competitive leveler adsorption is also revealed by the maxima in the corresponding chronoamperometry simulations shown in Fig. 2a .
Deposition at an overpotential of −0.25 V was examined since this corresponds to an effective value for superfilling in the SPS-Cl-PEG system. Significantly, for leveler concentrations below ϳ50 mol/L, there is negligible impact on the metal deposition rate during the Ϸ100 s time scale that corresponds to submicrometer feature filling experiments. 1 This is because i LEV o and i PEG o are approximately equal and much less than i SPS o so that leveler accumulation does not affect the current density until its adsorption begins to impact SPS evolution. The time scales for accelerator and leveler accumulation are most obvious through the maximums in the chronoamperometric transients in Fig. 2 whereby the rapid rise due to accelerator accumulation is replaced by subsequent decay through leveler accumulation and the leveler-accelerator deactivation term, Fig. 3a and b for leveler concentrations of 40 and 400 mol/L, respectively.
Shape-Change Simulations
The competitive adsorption model and associated kinetics were also used to examine the effect of leveler concentration on shape evolution during deposition in a Damascene trench geometry. Two different deposition conditions were examined. The first case follows the evolution of an electrode derivatized with fixed initial SPS coverage of SPS = 0.025 followed by deposition in the presence of PEG-Cl-LEV. This choice permitted isolation of leveler interactions with an adsorbed accelerator free of the kinetics of accelerator adsorption. Such superfilling with a preadsorbed accelerator has been previously demonstrated to also be fully quantifiable by the CEAC mechanism. 1 In the second set of simulations, the initial values of SPS and LEV were both set to zero and allowed to evolve during Cu deposition in a SPS-Cl-PEG-LEV electrolyte.
Simulations were performed using a level set formulation of the CEAC model 46 within a Python framework developed at NIST that is known as FiPy. 47 In contrast to the electroanalytical simulations, the full time-dependent diffusion equations for transport of Cu 2+ , SPS, and LEV within the boundary layer and unfilled region of the trench were evaluated using
with uniform bulk concentrations at the start of deposition ͑t = 0͒.
The remaining boundary conditions were obtained by imposing mass conservation along the growth surface. For the metal this yields
which equates the metal deposited on the surface with that arriving from the electrolyte. Conservation of the additives at the growth surface is enforced by equating that arriving from the electrolyte with that adsorbing on the surface according to
where n is the local unit normal of the surface ͑pointing into the electrolyte͒. Implicit in Eq. 9 is the assumption that adsorbates eliminated through consumption or during area reduction of saturated surfaces are buried ͑or deactivated͒ so that they do not appear in the mass balance. In the case of slow interface kinetics and negligible leveler depletion effects, Langmuir desorption represents a 
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Simulations of superfilling in the PEG-Cl-LEV electrolyte using an SPS-derivatized substrate are shown in Fig. 4 . The initial SPS coverage was 0.025, and the growth contours are colorized to reflect local coverages of SPS ͑top͒ and LEV ͑bottom͒. The enrichment of accelerator on concave sections and resulting void-free bottom-up filling and overfill bump are evident. Upon the addition of 20, 40, and 400 mol/L leveler to the PEG-Cl plating electrolyte, SPS deactivation and its consequences on feature filling are progressively more apparent. For 20 mol/L leveler, enrichment of the adsorbed leveler due to area reduction is evident where the bottom surface approaches the top of the feature in the colorized leveler contour plot, however, the impact on the filling behavior is not significant. Doubling the leveler concentration to 40 mol/L results in more significant buildup of the leveler coverage and significant attenuation of the SPS coverage during filling toward the top of the feature. While the bottom-up filling dynamic is still evident, the leveler accumulation, mostly due to area change, is such that bump formation does not occur. The final concave surface profile indicates that the leveler concentration in the electrolyte is slightly in excess of the optimum value required for obtaining a planar surface. Examination of the leveler coverage shows that, while LEV Ͻ 0.1 on the free surface, LEV Ϸ 0.5 at the center of the feature. This unambiguously demonstrates the overwhelming importance of leveler enrichment by the CEAC area change mechanism. Increasing the leveler concentration an order of magnitude to 400 mol/L results in extensive leveler adsorption that completely eliminates the bottom-up SPSderived filling dynamic. This results in subconformal growth and void or seam formation in the final structure.
Feature filling contours for the case of deposition in the SPS-Cl-PEG-LEV system for concurrent SPS and LEV adsorption are shown in Fig. 5 . Shape evolution with SPS adsorbing during metal deposition is similar to that observed with the preadsorbed SPS in Fig. 4 ; bottom-up filling is evident as is subsequent bump formation. The chief distinction from the previous simulations is the higher coverage of accelerator on the free-surface due to the continuous SPS accumulation from the electrolyte during metal deposition. The net effect is more rapid filling and a narrowing of the space between the sidewalls during the latter stages of bottom-up filling. This is tantamount to a slight reduction of the upper bound of feature aspect ratio that can be filled as compared to the derivatized case.
In the presence of 20 mol/L leveler the bottom-up filling dynamic and subsequent bump formation are significantly attenuated. The substantial influence of area change on leveler coverage within the trench as compared to the small contribution derived from electrolyte adsorption ͑e.g., on the neighboring planar field͒ is evident in the colorized LEV contours. This is consistent with the absence of a significant impact of leveler accumulation on the deposition rate during chronoamperometry ͑i.e., Fig. 3a͒ during the Ϸ100 s time scale of feature filling. Doubling the leveler concentration to 40 mol/L results in failure of bottom-up feature filling for the present conditions. Two small voids are indicated by the discontinuities in the colorized leveler contours along the centerline. A further increase in the leveler concentration to 400 mol/L leads to accentuated voiding. This occurs because the area-change induced increase of leveler coverage on the concave bottom of the trench preferentially deactivates SPS on this surface while significant SPS continues to accumulate on the side walls. The resulting pinch-off is revealed by the discontinuities in the colorized contours along the centerline.
Interface motion during superfilling is largely dominated by catalyst coverage and the impact of leveler on this coverage. The leveler deactivates the adsorbed accelerator either by adsorption from the electrolyte or by lateral interactions during area reduction. From the perspective of controlling bump formation in submicrometer features, area change plays the dominant role with the caveat that suitable leveler coverage is attained prior to significant feature filling. Alternatively stated, the details of the initial leveler adsorption processes ͑k LEV +, D LEV , C LEV ͒ are of secondary importance as long as enough leveler accumulates on the surface profile before significant area reduction occurs. This finding helps explain an unusual aspect in filling images reported for an industrial three-component copper process. 7 Specifically, in the absence of leveler a huge buildup occurs over high density regions of high aspect ratio ͑ϳ3͒ features whereas little overburden is evident over neighboring low aspect features, as shown in Fig. 6 ; in contrast, in the presence of a high concentration of leveler the situation is reversed, with greater buildup over low aspect ratio features. Whereas the former observation was explained through the impact of area change on the accelerator coverage within the original CEAC mechanism, the latter observation can now be explained by the CEAC area reduction effect on leveler coverage. In particular, due to the initially large surface area and subsequent area reduction, a higher enrichment of leveler, and correspondingly low coverage of accelerator, is obtained on the surface over regions of more densely packed fine features after filling. It is unclear how traditional diffusion-adsorptionconsumption models of leveling could explain the inversion in overburden with leveler concentration. Detailed simulations of threecomponent ͑suppressor-accelerator-leveler͒ interactions on feature filling as a function of pattern density remain to be developed. How- ever, it is clear that the area change term associated with the curvature enhanced adsorbate coverage model will be important to any description of leveling in the filling of submicrometer features.
Conclusions
The curvature enhanced adsorbate coverage or CEAC mechanism has been further generalized to describe the morphological evolution during electrodeposition the from three-component suppressor-accelerator-leveler chemistry. The formalism provides a quantitative means of exploring the impact of leveling additives on overfill bump height in copper Damascene superfill. The CEAC leveling mechanism is completely distinct from the well-known diffusion-adsorption-consumption model of leveling. The combination of electroanalytical and shape-change simulations demonstrates the importance of area change effects in understanding the action of surfactant levelers. The simulation tools may also be used in combination with experiments to identify and optimize electrolytes for a given application. 
